Background and Aims Treatments with morphine or opioid agonists cause constipation. Lubiprostone is approved for treatment of adult idiopathic constipation and constipationpredominant IBS in adult women. We tested whether lubiprostone can reverse morphine-suppression of mucosal secretion in human intestine and explored the mechanism of action. Methods Fresh segments of jejunum discarded during Roux-En-Y gastric bypass surgeries were used. Changes in short-circuit current (DIsc) were recorded in Ussing flux chambers as a marker for electrogenic chloride secretion during pharmacological interactions between morphine, prostaglandin receptor antagonists, chloride channel blockers and lubiprostone.
Introduction
Treatment of pain with morphine and allied opioid agonists has constipating side effects [1, 2] . Opiate-induced nonpropulsive motility and suppressed mucosal secretion, each of which reflects suppression of motor neuronal excitability in the enteric nervous system (ENS), are underlying factors in opiate-related constipation [3] [4] [5] . Schiller et al. [6, 7] concluded, from in vivo studies in humans, that the antidiarrheal actions of loperamide or codeine to reduce stool volume result from delayed intestinal transit and prolonged mucosal contact with the luminal contents, not stimulation of mucosal absorption rate. Opiates, in animals and humans, slow intestinal transit by elevating contractile tone in the intestinal circular muscle coat. Delayed transit is linked with rhythmic contractions at electrical slow wave frequency and with infrequent high-amplitude, non-propulsive phasic contractions [8] [9] [10] . This kind of contractile behavior reflects depressed excitability of inhibitory musculomotor neurons in the ENS and release of the autogenic circular muscle coat from inhibitory neural input [11, 12] . What's more, presynaptic inhibitory action of morphine suppresses release of acetylcholine at nicotinic synapses in the ENS microcircuits [13, 14] . Suppression of nicotinic neurotransmission by morphine disrupts propulsive motility due to interruption of synaptic integration within the neural networks of the ENS. Coordination of contractile behavior of the muscle coats into organized motor patterns requires functional synaptic connectivity inside the networks.
Suppressed intestinal transit and prolonged time for absorption of electrolytes and water to proceed was supported in the early 1980s as an explanation for the constipating symptoms associated with opiate treatment [6, 7] . Subsequent progress in understanding ENS control of mucosal secretion and the function of secretomotor neurons in the submucosal division of the ENS introduces an additional factor into mechanisms of action of opioids [15] . Firing of action potentials by secretomotor neurons evokes secretion of HCO 3 , NaCl, H 2 O and mucus. Opiates silence the secretomotor neurons by hyperpolarizing their membrane potential [11, 12] . Suppression of secretomotor firing reduces secretion, which in concert with delayed intestinal transit, results in lowered liquidity of the small and large intestinal contents. Drier-harder stools are the result in the large intestine.
Morphine's inhibitory action on secretomotor neurons and cholinergic neurotransmission in ENS motility circuitry can account for much of its constipating action. Nevertheless, stimulation of sympathetic noradrenergic input to the ENS, from the central nervous system, might underlie some of the constipating action [16] [17] [18] . Sympathetic postganglionic fibers, after entering the bowel, release norepinephrine at their synaptic contacts with ENS neurons. Norepinephrine, when released inside the ENS, suppresses fast and slow excitatory synaptic transmission in the neural microcircuits. At the same time, it hyperpolarizes the membrane potential and suppresses firing in secretomotor neurons in the submucosal plexus [12, 19] . Noradrenergic and opioid receptors act synergistically, in secretomotor control, to suppress neurogenic mucosal secretion.
Lubiprostone
Lubiprostone is a member of a group of compounds called prostones. They are naturally occurring bicyclic fatty acids formed by enzymatic oxidation of the 15-hydroxyl group of prostaglandins to a keto group by 15-hydroxyprostaglandin dehydrogenase [20] . Lubiprostone is FDA-approved in the United States for the treatment of adult chronic idiopathic constipation and constipation-predominant irritable bowel syndrome in adult women. Exposure of flat-sheet preparations of guinea pig small or large intestine to lubiprostone in Ussing flux chambers, evokes increases in short-circuit current (Isc) that reflect stimulation of mucosal chloride (Cl -) secretion [21] . A proposed mechanism of lubiprostone action on intestinal secretion is opening of Cl -channels in small and large intestinal epithelium [21] . However, unequivocal identification of the Cl -channels by which lubiprostone stimulates functional intestinal Cl -secretion is unresolved and contradictory. The cystic fibrosis transmembrane conductance regulator (CFTR) and ClC-2 channels are possibilities for activation by lubiprostone [22, 23] .
Structural similarity of lubiprostone to prostaglandins factors into a proposal that stimulation of mucosal Cl -secretion by lubiprostone in the intestine reflects stimulation of prostaglandin receptors linked to a G protein-coupled adenyl cyclase-cAMP-protein kinase A enterocyte signal transduction pathway [24, 25] . On the other hand, results from flat-sheet preparations of guinea pig small and large intestine in Ussing chambers and intracellular electrophysiological recording of secretomotor neuronal activity do not support prostaglandin receptor stimulation as a mechanism of lubiprostone action in the guinea pig [21] .
The present study was designed to evaluate the extent to which results from our earlier work with lubiprostone on guinea pig intestine might translate to human small bowel [21, 23] . Changes in short-circuit current (Isc) across the mucosa of human small intestinal preparations in Ussing flux chambers were used as a marker for morphine-or lubiprostone-evoked changes in Cl -secretion. The preparations were segments of jejunum removed during Roux-En-Y gastric bypass surgeries and transported immediately to the laboratory. Chloride is the predominate anion involved in morphine-evoked changes in Isc [26, 27] . We tested if stimulation of electrogenic Cl -secretion by lubiprostone will offset the inhibitory action of morphine on secretion and might therefore reverse constipating effects of morphine. Some of the results have been published in abstract form [28] .
Materials and Methods
Fresh preparations for Ussing chamber studies were procured from human small intestine. They were obtained from segments of jejunum discarded during Roux-En-Y gastric bypass surgeries and studied immediately in the laboratory. Fifty-three percent of the patients were female, their ages ranged from 37 to 50 years and body mass index ranged from 44 to 67. 4 The muscularis externa and myenteric plexus were removed by microdissection and referred to as ''musclestripped preparations.'' The submucosal plexus remained intact with the mucosa.
The methods for study of human intestinal mucosal secretion in Ussing chambers were the same as described earlier [21, 23, 29] . Krebs solution in the Ussing chambers was gassed with 95% O 2 /5% CO 2 and buffered at pH 7.4.
Mucosal preparations were studied simultaneously in four to eight standard Ussing chambers. Each chamber was equipped with a pair of Ag/AgCl electrodes connected via Krebs-agar bridges to calomel half-cells for measurement of transmural potential difference (PD). A second pair of electrodes connected to WPI DVC-1000 voltage/current clamp amplifiers (World Precision Instruments, Sarasota, FL) compensated for the solution resistance between the PD-sensing bridges. Flat-sheet preparations were mounted between halves of the Ussing chambers, which had chamber openings with a total cross-sectional area of 1.13 cm 2 . The tissues were bathed on both sides from circulation reservoirs, which contained 10 mL of Krebs solution maintained at 37°C by circulation from a temperature-controlled water bath. The current necessary to change the transmucosal PD by 2.5 mV served to monitor tissue conductance, calculated according to Ohm's law, as a viability measure for the tissue. Isc was read-out from the WPI DVC-1000 in voltage clamp mode. Concentration-response relations were obtained by adding the agents to either the chamber compartment bathing the mucosa (mucosal side) or the compartment that bathed the muscle-stripped side (serosal side). Drug-evoked changes in Isc were measured and expressed as DIsc. The data were normalized to the cross-sectional area of the preparations (i.e., 1.13 cm 2 ). Morphine was dissolved in Krebs solution and lubiprostone in DMSO. Volumes not more than 10 lL were added to the 10-mL circulation reservoirs.
Chemicals
Lubiprostone, free of prostaglandin contamination, was synthesized by R-Tech Ueno, Ltd (Japan) ([99.8% purity) and shipped and stored as frozen aliquots of 2 mM solutions in 100% DMSO. Dimethyl sulfoxide (DMSO), obtained as frozen aliquots from the same source, was used as a vehicle for lubiprostone and for testing effects of the vehicle itself. Tetrodotoxin, bumetanide, 4,4 0 -Diisothiocyanatostilbene-2, 2 0 -disulfonic acid disodium salt hydrate (DIDS), CFTR(inh)-172, carbachol, prostaglandin E 2 and morphine sulphate pentahydrate were purchased from Sigma-Aldrich (St. Louis, MO). The source for 5-nitro-2-2(-penylpropylamino) benzoic acid (NPPB) and the selective prostaglandin PGE 4 receptor antagonist, L-161,982 were purchased from Tocris Bioscience (Ellisville, MO). The prostaglandin receptor antagonists, GW627368X, AH6809 and SC-19220 were purchased from Cayman Chemical Co. (Ann Arbor, MI). Stock solutions were prepared in Krebs solution, deionized H 2 O or DMSO. Volumes added to 10-mL bath solutions never exceeded 10 lL.
Statistical Analysis
Ussing chamber data are presented as means ± SE with n values referring to numbers of patients and preparations. Continuous curves for concentration-response relationships were constructed with the following least-squares fitting routine using Sigmaplot Ò software (SPSS Inc., Chicago,
where V is the observed increased Isc, V max is the maximal response, C is the corresponding drug concentration, EC 50 is the concentration that induces the half-maximal response, and n H is the apparent Hill coefficient. Student's t test or paired t test was used to determine significance with P \ 0.05 considered to be significant.
Results
Lubiprostone Figure 1 illustrates how individual protocols were configured to study changes in Isc in response to lubiprostone in the presence of strategic pharmacological agents, with TTX, morphine, bumetanide and a prostaglandin EP receptor antagonist shown as examples of strategic agents. Lubiprostone alone elevated Isc in each of 16 preparations obtained from eight gastric bypass patients (Fig. 2) . Applications to the serosal or mucosal side of preparations in four concentrations, ranging from 3 nM to 12 lM, evoked increases in Isc in a concentration-dependent manner. Concentration-response curves did not reach a plateau at the maximal concentration of 12 lM used in the study (Fig. 2) . When calculated for the data range between 3 nM and 12 lM, the EC 50 for serosal side application was 65 nM and the EC 50 for mucosal application was 57 nM, when computed for the same range of concentrations. The differences for EC 50s , computed in this manner, between serosal-and mucosal-side applications were not significant (P [ 0.05). There was no significant time lag for the lubiprostone-evoked responses to reach their peak irrespective of mucosal or serosal side application. Blockade of nerves in the ENS by 1 lM TTX, applied to the serosal side, had no effect on stimulation of Isc by serosally applied 30 nM lubiprostone (Fig. 3) . Application of TTX alone evoked canonical suppression of baseline Isc (Figs. 1a, 3 ) [30] . Substitution of gluconate for Cl -in the bathing medium reduced to near zero all responses to lubiprostone, when applied in the serosal compartment (Fig. 4) . Inhibition of the basolateral Na/K/2Cl co-transporter by bumetanide partially suppressed increases in Isc evoked by lubiprostone (Figs. 1c, 4) . NPPB, a nonspecific Cl -channel blocker, partly suppressed lubiprostone-evoked increases in Isc (Fig. 4) . DIDS, which is a canonical blocker of anion channels and chloride-bicarbonate exchangers [31], did not significantly suppress lubiprostone-evoked increases in Isc when applied to the mucosal or serosal sides of the preparations (Fig. 4 , data for serosal application not shown).
CdCl 2
Serosal or mucosal application of 300 lM CdCl 2 , which suppressed K ? conductance and thereby depolarized the membrane potential of the enterocytes, increased Isc (Fig. 5) . The mean responses to lubiprostone when placed on either serosal or mucosal sides of the preparations, in the presence of CdCl 2 , were suppressed by 85.4% for the serosal and by 72.4% for the mucosal sides (Fig. 5) .
CFTR Antagonist
Presence of the selective CFTR antagonist, CFTR(inh)-172, in the bathing medium on the serosal side of the preparation suppressed increases in Isc evoked by serosal application of lubiprostone by 61% (Fig. 5) . CFTR(inh)-172 suppressed lubiprostone-evoked Isc by 55% when the protocol was repeated for the mucosal sides of the preparations (Fig. 5 ).
Prostaglandins
Lubiprostone was reported by others to contract the longitudinal muscle coat of the stomach and to inhibit neuronally mediated contractions of the colonic circular muscle coat in preparations from rats and humans. These actions were suppressed by an EP 1 receptor antagonist and an EP 4 receptor antagonist respectively, suggesting to the authors that lubiprostone might act like a prostaglandin to stimulate EP receptors [24, 25] . We tested this by applying lubiprostone following pre-incubation with one or the other of the following prostaglandin EP receptor antagonists: (1) SC-19220, a selective EP 1 receptor antagonist; (2) GW627368X and L-161,982 selective PGE 4 receptor antagonists; (3) AH6809, an EP-1,-2,-3, antagonist [32] [33] [34] [35] . Stimulation of Isc by lubiprostone was not suppressed by AH6890, SC-19220, nor GW627368X (data not shown). Based on an ad hoc finding with L-161,982, we examined PGE 2 and involvement of its action at the PGE 4 receptor in relation to lubiprostone. Action of PGE 2 to stimulate intestinal transmucosal Isc has been described for several species [36] . Like 300 nM lubiprostone, application of 100 nM PGE 2 in either the mucosal or serosal compartment of the Ussing chamber evoked increases in Isc (Fig. 5) . The presence of the selective PGE 4 receptor antagonist, L-161.982, in the bathing medium on the Fig. 2 Cumulative concentration-response relations for lubiprostone-evoked increases in DIsc in human jejunum. Lubiprostone, applied to the serosal side or mucosal side of 16 preparations from eight patients in five concentrations ranging from 3 nM to 12 lM, evoked increases in Isc in a concentration-dependent manner. Concentration-response curves did not reach a maximum plateau at 12 lM. When calculated for the data range between 0.3 nM and 12 lM, the EC 50 for serosal side application (black triangle) was 65 nM and the EC 50 for mucosal application was 57 nM. Differences for EC 50s between serosal-and mucosal-side applications, as calculated, were not significant (P [ 0.05). Values are expressed as means ± SE serosal side of the preparations suppressed the mean PGE 2 -evoked responses by 45% and suppressed the PGE 2 -evoked responses by 78% when present in the mucosal side compartment of the chambers (Fig. 5) . Presence of L-161,982 in the bathing medium on the serosal side of the preparations suppressed the mean lubiprostone-evoked responses by 49% and suppressed the lubiprostone-evoked responses by 32% when present in the mucosal side compartments of the chambers. L-161.982 (1 lM) alone did not change basal Isc (data not shown).
Morphine
Exposure to morphine on the serosal side of the preparations reduced basal Isc in a manner reminiscent of findings by others [26, 27] . Morphine (10 lM) was added to the serosal side of 12 preparations from seven gastric-bypass patients 5 min before application of a concentration range of 10, 30 and 100 nM lubiprostone (Fig. 6) . Lubiprostone reversed the morphine-induced suppression of basal Isc, in a concentration-dependent manner (Figs. 1b, 6 ). Pretreatment with 1 lM TTX suppressed basal Isc, as described earlier [23, 30] , and suppressed or abolished the inhibitory action of morphine on basal Isc (data not shown).
Discussion
Concentration dependence and EC 50 values in the nanomolar range for stimulation of Isc by lubiprostone in human jejunum are reminiscent of our earlier results for guinea pig small intestine [21] and those of Bijvelds et al. [25] for human ileum. Our EC 50 values for the jejunum are estimates because the concentration-response curves never reached full saturation plateaus at the highest concentration (i.e., 12 lM, Fig. 2 ). Like the results for intestinal preparations, nanomolar concentrations of lubiprostone also stimulate Isc and Cl -secretion across confluent epithelial cell monolayers in culture [25, 37, 38] .
Stimulation of Isc, by lubiprostone when applied on the mucosal or serosal sides of the preparations, was paradoxical because expression of ClC-2 and CFTR channels, where lubiprostone might act, is generally thought to be at the apical membrane of the enterocytes. The channels should therefore be opened optimally by mucosal, not serosal side, application. Nevertheless, this has not been found for either the human intestine in this study or for guinea pig intestine or confluent T84 cell monolayers in earlier reports [21, 37] . Paths, over which lubiprostone in the serosal side of the chambers might move to reach the apical membranes on the mucosal side in the present study, are unclear. A leak pathway through ''edge damage'' is a possibility. Artifacts due to edge damage have often been a concern for tissues set up in standard Ussing chambers. On the other hand, DMSO, which was the solvent, readily penetrates epithelia (e.g., epidermis) and might have ferried lubiprostone from serosal to mucosal sides of the tissue. Aside from edge damage and solvent drag, expression of ClC-2 channels in apical as well as basolateral sites might underlie the lubiprostone-evoked Isc found when it was applied separately to mucosal or serosal compartments of the chamber. Immunohistochemical localization in intact mucosa shows expression of ClC-2 in the basolateral membrane [39] and in the vicinity of tight junctions [40] .
Our results for lubiprostone at the tissue level in human jejunum are consistent with the interpretation of results obtained by others at the cellular level with ClC-2 transfected HEK-293 cells and confluent T84 and A6 cell monolayers [25, 37, 38] . Lubiprostone opens epithelial Cl -channels and this was reflected as stimulation of Isc for human jejunal preparations in the present study. Reduction of Cl -in the bathing medium, suppression of the basolateral Na/K/2Cl co-transporter and application of the potent nonspecific Cl -channel blocker, NPPB, each suppressed lubiprostone-evoked increases in Isc, which is consistent with opening of Cl -channels by lubiprostone in human jejunum. DIDS, the canonical Cl -channel and Cl-HCO 3 exchange blocker, had negligible effects on lubiprostone-evoked Isc in human or guinea pig small intestine [21] . Negligible affinity of DIDS for ClC-2 channels is a likely explanation for its lack of suppression of lubiprostone-evoked secretion. DIDS blocks outwardly rectifying Cl -channels and has minimal effect on inwardly rectifying Cl -channels [39] . Lubiprostone, at low concentrations, selectively activates ClC-2 channels [37] .
We did not identify the specific Cl -channel/s opened by lubiprostone. Whether stimulation of Isc by lubiprostone, in our study, reflects exclusive opening of ClC-2 channels, exclusive opening of CFTR channels or a mixture of the two is unresolved. Application of lubiprostone to confluent cultures of T84, HEK-293 or A6 cells increases chloride conductance in both ClC-2 and CFTR [37, 38] . However, according to Bao et al. [37] , lubiprostone activates ClC-2 at ''much'' lower concentrations than required to activate CFTR. On the other hand, Bijvelds et al. [25] reported that lubiprostone-evoked Isc across confluent monolayers of T84 cells was suppressed only by the CFTR channel antagonist CFTR(inh)-172, and interpreted this as evidence for exclusive involvement of CFTR. Partial suppression of the action of 300 nM lubiprostone by CFTR(inh)-172 in our study is consistent with a mixed action to open ClC-2 and CFTR channels. This differs from the guinea pig small intestine where CFTR(inh)-172 does not suppress lubiprostone-evoked increases in Isc [21] .
Tetrodotoxin
The stimulatory action of lubiprostone on Isc reflects a non-neural action directly on the epithelium because it was unaffected by the nerve-blocking agent, TTX. Had lubiprostone action been an indirect effect resulting from excitation of submucosal secretomotor neurons and excitatory neurotransmitter release at the neuroepithelial junctions, then TTX, which blocks action potential generation in axons of enteric neurons, would have inhibited the response. Moreover, lubiprostone has no action on electrical and synaptic behavior of neurons in the submucosal plexus as recorded with intracellular microelectrodes and this is likewise consistent with a non-neuronal mechanism of action [21] .
Paracrine Mediators
Results of electrophysiological studies in ENS neurons make unlikely a possibility that stimulation of Isc by lubiprostone reflected stimulation of paracrine release of mediators from nonneural sources, such as enteric mast cells, enteroendocrine cells and/or enterochromaffin cells. Microelectrode studies in ENS neurons document that release of paracrine mediators (e.g., histamine, serotonin and eicosanoids) in food allergies and inflammatory states is reflected by excitation of neurons in the ENS [41] .
Absence of any association between stimulation of Isc by lubiprostone and excitation of neurons in the ENS suggests that its action was not mediated by release and action of paracrine mediators.
Morphine
Guinea pig intestinal preparations in Ussing flux chambers exhibit a persistent basal Isc, which reflects neurogenic secretion evoked by on-going discharge of secretomotor neurons in the submucosal plexus [30] . Blockade of basal neurogenic activity by the neuronal blocking agent, TTX, suppresses basal Isc in guinea pig mucosal preparations [30] . Morphine behaved in a similar manner to TTX in suppressing basal Isc in the human jejunum. This reflected the action of morphine to suppress ongoing discharge of secretomotor neurons and thereby suppress basal secretion. This kind of morphine action is mediated by mu-type opioid receptors, which are expressed by ENS neurons in the guinea pig and human intestine [42] . Binding of morphine and other opioids to these receptors increases potassium conductance, hyperpolarizes the membrane potential and suppresses excitability [4] . Suppression of secretomotor neuronal excitability is believed to be a mechanism by which opiates suppress neurogenic mucosal secretion and thereby promote a constipated state in humans and animal models.
Lubiprostone
Reversal of morphine-evoked suppression of basal Isc by lubiprostone does not result from any direct action on secretomotor neurons because blockade of neuronal conduction in the ENS by TTX has no significant effect on stimulation of Isc by lubiprostone either in human small bowel in the present work or in guinea pig intestine [21] . As mentioned earlier, application of lubiprostone to secretomotor neurons in guinea pig preparations does not change the neurons' electrophysiological behavior [21] .
Reversal by lubiprostone of morphine suppression of basal Isc was likely a reflection of opening of electrogenic enterocyte Cl -channels at the time ENS neuronal excitability was suppressed by morphine. The basal Isc, recorded in the absence of morphine, reflected ongoing stimulation of Cl -secretion by the neurotransmitters, vasoactive intestinal peptide and acetylcholine, released from tonically-active secretomotor neurons [15] . Morphine suppression of secretomotor neuronal excitability eliminated this component of basal Isc (see Figs. 1, 6 ), which then was replaced by lubiprostone-evoked chloride secretion.
Prostaglandins
Neither the EP 1-2-3 receptor antagonist, AH6809, the EP 1 antagonist, Sc-19220, nor the EP 4 antagonist, GW-627368X, suppressed Isc responses to lubiprostone in guinea pig intestinal preparations in Ussing chambers [21] or in human jejunum in the present study. On the other hand, the EP 4 antagonist, L-161,982, did partially suppress responses to 100 nM lubiprostone in the present study. This opens the possibility that lubiprostone, in addition to a direct action to open chloride channels, might interact with the EP 4 prostaglandin receptor in human small intestine. This possibility was suggested by Bijvelds et al. [25] for T84 cells, which are of human origin, and for mouse intestine.
